Abstract. The infective larvae of Necator americanus were shown to secrete all mechanistic classes of proteolytic enzymes with two overall pH optima of 6.5 and 8.5 using fluorescein isothiocyanate-labeled casein as the substrate. Since infective larvae are obligate skin penetrators, the effect of each of these enzyme classes against macromolecules derived from human skin was examined. Larval secretions were shown to degrade collagen types I, III, IV, and V, fibronectin, laminin, and elastin. All the skin macromolecules tested were hydrolyzed by aspartyl proteinase activity, which was inhibitable by pepstatin A. Collagen and elastin was also hydrolyzed by metalloproteinase activity, while the serine proteinase activity hydrolyzed only elastin. As a consequence of these experiments, the effect of proteinase inhibitors on the penetration of live larvae through hamster skin was tested. Larval penetration was significantly inhibited only by pepstatin A, confirming the importance of the aspartyl proteinase activity during the skin penetration process.
Necator americanus is a human pathogen that invades the body by penetrating the skin. In 1982 Matthews 1 showed that cellular destruction of the skin during larval penetration through the epidermis was mediated by an undefined enzymatic process, optimally active at pH 8. Subsequently, Salafsky and others 2 developed a gelatin-agar membrane as a model for hookworm skin penetration and showed that serine, and possibly cysteinyl, proteinase activities were responsible for larval penetration through this type of membrane. The presence of cysteinyl and serine proteinases in larval secretions was confirmed using gelatin substrate sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 3 and it has been further demonstrated that live N. americanus larvae secrete a gelatinolytic metalloproteinase proteinase. 4 Despite the obvious presence of proteolytic enzymes in the excretory-secretory (ES) products of N. americanus larvae, an exact role for each of these proteinases has yet to be defined. Consequently, and given the fact that the larvae are obligate skin penetrators, we now describe attempts to assign a role during skin penetration for the previously described proteinases secreted by N. americanus larvae. The hydrolysis of a number of skin macromolecules has been studied and the enzymes responsible for their degradation have been implicated using standard proteinase inhibitors. Despite being a human parasite, N. americanus can also be maintained in the golden hamster. 5 Therefore, to confirm the data obtained using individual skin macromolecules, the effects of proteinase inhibitors on the penetration of live larvae through excised hamster skin was also studied.
MATERIALS AND METHODS

Preparation of N. americanus larval ES products.
Necator americanus was maintained in syngeneic DSN hamsters as described by Sen and Seth. 5 Infective larvae were cultured from fecal material by a method modified from Harada and Mori 6 and previously described by Kumar and Pritchard. 3 Cultured larvae were stored in 50 mM Na 2 HPO4, 70 mM NaCl, 15 mM KH 2 PO 4 , pH 7.4, until used. 7 Ensheathed larvae in 20 ml of storage buffer were exsheathed by bubbling carbon dioxide through the larval suspension for 2 hr at room temperature. Exsheathed larvae were allowed to settle and then washed extensively in RPMI 1640 medium containing 100 IU/ml of penicillin, 100 g/ml streptomycin, and 1% amphotericin B under sterile conditions. Following this sterilization period, the larvae were cultured for an additional 72 hr at 37ЊC; the culture medium was changed every 24 hr. The ES products collected were dialyzed against water, lyophilized, and stored at Ϫ20ЊC until used. The protein concentration of ES products was estimated using the Bio-Rad (Hercules, CA) protein assay kit 8 with bovine serum albumin standards.
Assay of proteinase activity. Fluorescein isothiocyanate (FITC)-labeled casein. The proteinase activities present in larval ES products were examined over a range of pH values by monitoring the hydrolysis of FITC-labeled casein. 9 Larval ES products (50 l, 10 g) were mixed with 10 l of FITCcasein (final concentration ϭ 250 g/ml) and 140 l of buffer (0.1 M citric acid/sodium citrate buffer, pH 3-5.5, 0.1 M phosphate buffer, pH 6-8, or 0.05 M 2-amino-2-methyl-1:3-propanediol-HCI buffer, pH 8-10) in a microfuge tube. Reactions were incubated at 37ЊC for 3 hr after which 120 l of 5% trichloroacetic acid was added to stop the reaction. The tubes were allowed to stand at room temperature for 1 hr and the undigested, precipitated protein was removed by centrifugation at 13,000 ϫ g for 10 min. Triplicate, 20-l aliquots of the supernatant were added to 980 l of 500 mM Tris-Cl, pH 8.5, and the quantity of fluorescence was measured (excitation detection ϭ 490 nm and emission detection ϭ 525 nm). The differential involvement of proteinase classes was investigated using class differentiating enhancers and inhibitors. These were added to the reaction in 20-l volumes to give final concentrations of 5 mM cysteine, 1 M E64, 50 M 4-(amidinophenyl)methane sulfonyl fluoride (APMSF), 1 mM 1,10-phenanthroline, 10 mM EDTA, and 1 M pepstatin A. Ethanol (0.1% final concentration), used to dissolve the pepstatin A and 1,10-phenanthroline, had no effect on proteinase activity. The APMSF was always freshly prepared due to its short half-life (6 min). In all assays where inhibitors were used, ES products were preincubated with inhibitor for 30 min before the addition of the substrate.
Synthetic peptide fluorogenic substrates. Proteolytic activ-FIGURE 1. The pH optima of the proteinase activities present in the excretory-secretory (ES) products of Necator americanus larvae. Larval ES products were incubated with fluorescein isothiocyanatecasein over a range of pH points as described in the Materials and Methods. Proteinase activity is expressed as the mean Ϯ SD number of fluorescence units (n ϭ 3) emitted over a 1-hr period following the subtraction of a nonenzymatic buffer control. * 10 g of larval ES products were incubated with fluorescein isothiocyanate-casein at 37ЊC for 3 hr as described in the Materials and Methods. Proteinase activity is expressed as the mean Ϯ 1 SD number of fluorescence units emitted (n ϭ 4). Inhibition of proteinase activity by a number of inhibitors is shown as the percentage inhibition/enhancement of activity compared with an uninhibited control following the subtraction of a nonenzymatic blank. APMSF ϭ 4-(amidinophenyl)methane sulfonyl fluoride.
ity was assessed by monitoring the release of 7-amino-4-methylcoumarin (AMC) from the synthetic peptide substrates Tosyl-Gly-Pro-Arg-AMC.HCI (Novabiochem, Nottingham, United Kingdom), Glutaryl-Gly-Arg-AMC.HCI and H-Pro-Phe-Arg-AMC.2HCI, 10 Suc-Ala-Ala-Pro-Phe-AMC, 11 Suc-Leu-Leu-Val-Tyr-AMC, 12 Glutaryl-Gly-GlyPhe-AMC, 13 H-Arg-AMC.2HCI and Z-Arg-Arg-AMC.2HCI, 14 Z-Phe-Arg-AMC.HCl, 15 and Z-Arg-AMC.HCI. 16 The substrate was first dissolved in 100% dimethylsulfoxide to give a 5 mM stock solution and then further diluted to an assay concentration of 50 M. Larval secretions (50 l, 10 g) were incubated with 10 l of substrate in a final volume of 1 ml of the relevant buffer (as described previously) at the required pH. Samples were incubated at 37ЊC for 1 hr, after which the reaction was stopped by the addition of glacial acetic acid to a final concentration of 300 mM, 17 and the fluorescence was measured (excitation detection ϭ 365 nm, emission detection ϭ 465 nm). Inhibitors and enhancers used in synthetic substrate assays were prepared and used at the concentrations described previously. Dimethylsulfoxide (1% final concentration), used to solubilize the substrates, had no effect on proteinase activity.
Degradation of skin macromolecules. Hydrolysis of elastin. Elastinolytic activity was measured by monitoring the release of dye from elastin-orcein. 18 One milligram of elastin-orcein was mixed with 20 g of larval ES products and the reaction was adjusted to a volume of 1 ml with buffer (0.1 M citric acid/sodium citrate buffer, pH 3-5.5, 0.1 M phosphate buffer, pH 6-8, or 0.05 M 2-amino-2-methyl-1:3-propanediol-HCI buffer, pH 8-10). The reaction was incubated at 37ЊC for 16 hr with constant mixing, after which undigested elastin was removed by centrifugation (13,000 ϫ g for 10 min), and the absorbance of the sample was measured at 550 nm. Inhibitors and enhancers were used as described previously.
Hydrolysis of collagen, fibronectin, and laminin. Ten micrograms of human collagen types I, III, IV, and V, fibronectin, and laminin were incubated in 0.1 M phosphate buffer, pH 6.5, with 10 g of larval ES products in the presence and absence of a number of protease inhibitors. After incubation for 4 hr at 37ЊC, undigested protein and any breakdown products were precipitated with ice-cold acetone (final concentration ϭ 80%) and the pellet was resuspended in 20 l of SDS-PAGE reducing sample buffer. 19 In the case of collagen, one unit of collagenase was incubated with each type of collagen tested as a positive control. Breakdown products were separated using a 12% SDS-PAGE gel (7% for laminin) and transferred onto nitrocellulose. 20 Western blots were blocked for 1 hr with 5% milk powder in Trisbuffered saline (TBS) before being probed with rabbit antisera raised to the relevant skin protein (diluted 1:500 in blocking solution) and incubated overnight at 40ЊC. After washing the blots with TBS/0.05% Tween 20, they were incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma, St. Louis, MO; diluted 1:1,000 in blocking solution). Antibody binding was visualized using 5-bromo4chloro-3-indolyl phosphate/nitroblue tetrazolium as the substrate.
Penetration of N. americanus through hamster skin. Preparation of hamster skin. The penetration of N. americanus through hamster skin was assessed using a method previously described by Kumar and Pritchard. 21 The abdomen of freshly killed adult DSN hamsters was wetted, shaved, and the skin was carefully removed (six pieces of skin were taken from one animal). The skin was mounted on the open ends of a 7-cm long by 1.4-cm diameter plastic tube such that the outer skin surface faced the inside of the tube. The skin was secured tightly to the tube by an elastic band. The tube was then placed in a plastic bottle (9-cm long by 2.5-cm wide), containing 5 ml of Dulbecco's minimal essential medium supplemented with 1% amphotericin B, 100 IU/ml of penicillin. and 100 g/ml of streptomycin. Care was taken to ensure that the inner skin surface was Tosyl-Gly-Pro-Arg-AMC.HCl Glutaryl-Gly-Arg-AMC.HCl H-Pro-Phe-Arg-AMC.2HCl Suc-Ala-Ala-Pro-Phe-AMC Suc-Leu-Leu-Val-Tyr-AMC Glutaryl-Gly-Gly-Phe-AMC Suc-Ala-Ala-Ala-AMC Z-Arg-AMC.HCl Z-Phe-Arg-AMC.HCl H-Arg-AMC.2HCl Z-Arg-Arg-AMC.2HCl * 10 g of larval ES products were incubated with each substrate as described in the Materials and Methods. Proteinase activity is expressed as the mean number of fluorescence units (n ϭ 3) emitted over a 1-hr period after the subtraction of a negative control value. AMC ϭ 7-amino-4-methylcoumarin. completely in contact with the medium and that no leakage occurred back across the skin to the upper surface.
Time course of skin penetration. Two hundred freshly harvested live and active larvae were placed on the upper surface of the hamster skin (in a final volume 200 l of water) and the apparatus incubated at 37ЊC. Three tubes were removed after 3, 24, and 48 hr, and the number of larvae that had failed to penetrate the skin and had successfully penetrated the skin carefully were counted.
Effect of proteinase inhibitors on larval penetration through hamster skin. Two hundred larvae were applied to the upper surface of the hamster skin in the presence of proteinase inhibitors at the concentrations described earlier.
An ethanol control was also included. The tubes were incubated at 37ЊC for 24 hr, after which the number of larvae fully penetrating the skin were counted. Statistical analysis of the number of larvae fully penetrating the skin was carried out using a nonparametric one-way analysis of variance with P Յ 0.05 being considered statistically significant.
All animal experiments were carried out in accordance with the Animals (Scientific Procedures) Act, 1986.
RESULTS
Characterization of the proteinase activities secreted by N. americanus larvae using FITC-casein. Proteinases secreted by the larvae of N. americanus were initially examined using FITC-casein as the substrate. Total proteinase activity was found to be optimal at pH 6.5, with a peak of lesser activity at pH 8 ( Figure 1) . Proteinase activity at these two pH points was characterized by the use of class differentiating inhibitors (Table 1 ). At pH 6.5, proteinase activity was primarily inhibited (78.9 %) by pepstatin A, indicating the presence of an aspartyl proteinase. At pH 8, inhibition by pepstatin A was reduced to 24.6%, but APMSF inhibited proteolytic activity by 81.5%, indicating the predominant involvement of a serine protease at this pH. Inhibition by the metalloprotease inhibitors 1,10-phenanthroline and EDTA was lower and remained similar (approximately 32% and 10.8%, respectively) over the two pH points tested. At pH 6.5, the cysteinyl protease inhibitor E64 inhibited activity by 23.3%, with this being reduced to 13.2% at pH 8. Similarly, cysteine enhanced activity by 11.4% at pH 6.5 and by only 7.4% at pH 8. These data suggest that at the pH closest to that of normal skin (pH 5.5), the predominant proteinase activity is aspartyl in nature.
Further characterization using synthetic peptide substrates. The proteinase activity in larval ES products was further characterized by the use of a number of fluorescent substrates ( Table 2 ). All assays were carried out at pH 6.5 because this was the pH optimum closest to that of normal skin. These data further confirm the presence of cysteinyl and serine proteinase activities in larval secretions. None of the chymotryptic substrates tested were readily cleaved by larval ES products. The ES products also failed to cleave the elastase substrate Suc-Ala-Ala-Ala-AMC and the cathepsin H/aminopeptidase substrate H-Arg-AMC.2HCI. The ES products did, however, cleave the tryptic substrates TosylGly-Pro-Arg-AMC.HCI, H-Pro-Phe-Arg-AMC.2HCI, the dual trypsin/papain substrates Z-Arg-AMC.HCI and Z-PheArg-AMC.HCI, and the cathepsin B substrate Z-Arg-Arg-AMC.2HCI.
Degradation of skin macromolecules. Elastin. Elastin hydrolysis was shown to be optimal at pH 7.5 with a lesser peak of activity at pH 8.5 ( Figure 2) . No hydrolysis of elastin was observed between pH 3 and 6 and above pH 1 0. Elastin hydrolysis was characterized at pH 7.5 and 8.5 using proteinase inhibitors (Table 3) . No enhancement of activity was seen in the presence of cysteine and no inhibition was observed with E64, indicating that cysteinyl proteinase activity plays no part in the degradation of elastin. At pH 7.5, elastin hydrolysis was primarily inhibited by 1,10-phenanthroline (100%) and pepstatin A (28.8%). EDTA and APMSF also inhibited elastin breakdown to a lesser degree. At pH 8.5, 1,10-phenanthroline inhibited elastin degradation by 63.2%, while APMSF inhibited elastin hydrolysis by 46.7%, again indicating increased serine proteinase activity at this pH. Inhibition by pepstatin A remained at a similar level (33.3%) with that observed at pH 7.5. These data suggest that the hydrolysis of elastin is accomplished by a mixture of metallo, serine, and aspartyl proteinases.
Collagen. Figure 3 shows the breakdown of Collagen types I, III, IV, and V by larval ES products. All types of collagen tested were degraded by larval ES products. No inhibition of collagen breakdown was seen with E64 or APMSF. Phenanthroline partially inhibited the degradation of collagen types III and IV. EDTA completed inhibited the degradation of types I and V collagen and partially inhibited the degradation of type IV collagen. Pepstatin A completely inhibited the degradation of collagen types I, III, and IV but did not inhibit the breakdown of type V collagen. The inhibition of collagen hydrolysis by phenanthroline and EDTA may indicate a role for the secreted metalloproteinase, and the inhibition by pepstatin A again provides evidence for the importance of the aspartyl proteinase during skin penetration.
Fibronectin. Fibronectin ( Figure 4 ) was hydrolyzed to a protein of 40 kD. Unlike collagen, only the aspartyl proteinase was capable of degrading fibronectin. Interestingly, when proteolysis was inhibited by pepstatin A, some cross-linking of fibronectin occurred, resulting in the enhanced formation of a higher molecular mass protein of 145 kD.
Laminin. Laminin ( Figure 5 ) was also degraded by larval ES products. A breakdown product of approximately 90 kD was observed. As was the case for fibronectin, this degradation was only inhibited by pepstatin A.
Time course of third-stage larval penetration through hamster skin and the effect of proteinase inhibitors. Figure  6A shows the time course of larval penetration through hamster skin. The results are expressed as the mean Ϯ SD number of larvae failing to enter the skin or the mean Ϯ SD number of larvae fully penetrating the hamster skin (six determinations were carried out at each time point). The larvae entered the skin rapidly and after 3 hr 196 (98%) larvae had entered the hamster skin increasing to 198 (99%) after 48 hr. Three hours after the application of larvae to the hamster skin, only two (1%) of the larvae had completely traversed the skin, increasing to 57.7 (28.8%) after 24 hr and 84 (42%) by 48 hr. It was necessary to obtain proteinase inhibitor data while the skin was still in as natural a condition as possible. Since the percentage of larvae fully penetrating the skin only increased by an additional 13.3% between 24 and 48 hr, the effects of proteinase inhibitors were studied after incubation for 24 hr. Figure 6B shows the effect of proteinase inhibitors on larval skin penetration. This figure represents the mean Ϯ SD of nine determinations for each control and inhibitor tested. When the number of larvae fully penetrating the skin after 24 hr was determined, all the inhibitors tested inhibited skin penetration to some degree. However, significant inhibition of skin penetration was observed only in the presence of pepstatin A (54.8%; P Յ 0.05) when compared with the ethanol control.
DISCUSSION
These data confirm the presence of cysteinyl, serine, and metalloproteinases in larval ES products as described by Ku- FIGURE 6 . A, the time course of larval penetration through hamster skin. Two hundred Necator americanus larvae were placed on the surface of excised hamster skin. After 3, 24, and 48 hr incubation at 37ЊC, triplicate samples were removed from the incubator and the mean Ϯ SD number of larvae remaining above the skin and fully penetrating the skin was determined. B, the effect of proteinase inhibitors on the penetration of N. americanus larvae through hamster skin. Two hundred N. americanus larvae were placed on excised hamster skin in the presence and absence of proteinase inhibitors. The mean Ϯ SD number of larvae fully penetrating the skin was determined after 24 hr incubation at 37ЊC. APMSF ϭ 4-(amidinophenyl)methane sulfonyl fluoride; Phe ϭ 1,10-phenanthroline; Pep A ϭ pepstatin A. mar and Pritchard. 3, 4 In addition to these activities, the presence of aspartyl proteinase activity has been demonstrated for the first time Using FITC-labeled casein as the substrate, the pH optimum of the overall proteinase activity secreted by N. americanus larvae was shown to be pH 6.5, with a lesser peak of activity at pH 8 ( Figure 1 ). At pH 6.5 and pH 8, the proteinase activities were characterized using a number of proteinase inhibitors (Table 1 ) At pH 6.5, the predominant proteinase activity was shown to be aspartyl in nature. At pH 8, the activity of the aspartyl proteinase was greatly reduced, with the serine proteinase activity becoming predominant. This is reminiscent of the mixture of proteinase activities secreted by adult N. americanus. 22 . However, unlike adult ES products, little activity was seen at pH 3.5.
The serine protease activity was shown to be trypsin-like in its nature failing to cleave any of the chymotryptic substrates tested (Table 2) . Interestingly, although larval ES products were shown to be capable of degrading elastin, the elastase substrate Suc-Ala-Ala-Ala-AMC was not hydrolyzed. This may indicate that a true elastase activity is not present in N. americanus larval ES products, and that elastin degradation is a result of metallo, serine, and aspartyl pro-teinases with a more general substrate specificity. The cysteinyl proteinase activity was shown to be cathepsin B-and L-like, hydrolyzing both the cathepsin B substrate Z-ArgArgAMC.2HCI and the cathepsin B and L substrate Z-PheArg-AMC.HCI. Similar activities have also been described in the ES products of the adult hookworm. 22 Elastase activity, measured by the release of dye from elastin orcein, was shown to be optimal at pH 7.5, with a smaller peak of activity at pH 8.5 (Figure 2 ). This shift in the pH optima against elastin compared with FITC-casein reflects the type of enzymes involved in elastin breakdown. At pH 7.5, elastin degradation was completely inhibited by 1,10-phenanthroline, while at pH 8.5 this inhibition was reduced to 63.2%. Conversely, inhibition by APMSF increased from 9.4% to 46.7% (Table 2 ). This suggests that the metalloproteinase capable of elastin degradation is optimally active around pH 7.5, shifting the peak of activity seen against FITC-casein (containing thiol and mainly aspartyl activities) from pH 6.5 to 7.5. The peak of elastin hydrolysis at pH 8.5 is reflective of the enhanced serine activity seen at pH 8 against FITC-casein.
The ability of N. americanus larval ES products to degrade human collagen, fibronectin, and laminin was also examined using SDS-PAGE and Western blotting. No inhibition was seen with E64 or APMSF, implying that the cysteinyl and serine proteinases play no part in the degradation of these skin macromolecules during skin penetration. The degradation of gelatin observed by Kumar and Pritchard 3 by larval cysteinyl and serine proteases may be explained by the denatured state of the collagen, which allows these secreted proteolytic enzymes access to susceptible peptide bonds not normally available.
The results shown in Figures 3-5 demonstrate the possible importance of the aspartyl proteinase to the invading larvae during skin penetration. This proteinase was capable of degrading all the skin macromolecules tested with the exception of type V collagen. The secreted metalloproteinase may also be important to the skin penetration process, although its substrate specificity appears to be limited to collagen and elastin. Indeed, it is possible to speculate that there may be two metalloenzymes with different inhibitor sensitivities and substrate specificities. One enzyme appears to degrade collagen types III, IV, and elastin and is sensitive to phenanthroline while the other degrades types I and V collagen and appears to be sensitive to EDTA.
The degradation profile of skin macromolecules shown by N. americanus larvae is consistent with the proposal put forward by Hotez and others 23 that obligate skin penetrating larvae should be capable of degrading elastin, fibronectin, and laminin. However, the breakdown of these macromolecules by an aspartyl proteinase is unusual and has not been described previously, although an aspartyl proteinase activity has been demonstrated in the secretions of adult Haemonchus contortus, 24 and a cDNA encoding a cathepsin D-like aspartyl proteinase has recently been identified from the dog hookworm Ancylostoma caninum. 25 These data suggest that N. americanus larvae primarily facilitate skin penetration by the use of a mixture aspartyl and metalloproteases, with a serine protease contributing to the breakdown of elastin. Similarly, a potent histolytic metalloprotease capable of degrading elastin and fibronectin but not type I collagen has been described in the secretions of Strongyloides stercoralis. 26 Inhibition of this enzyme with a metalloprotease inhibitor prevented larval penetration of the skin. The importance of the aspartyl proteinase during skin penetration was further confirmed by the experiments carried out using excised hamster skin. Larval penetration was significantly inhibited by pepstatin A (54.8%). All the other inhibitors tested had some effect on larval penetration. Possible roles for the serine and metalloenzymes have already been discussed but it was interesting to note the inhibition of larval penetration by E64 (36.7%). While not being statistically significant, this may imply that in this system the cysteinyl proteinases could still play a role in skin penetration, perhaps degrading a skin protein not yet studied.
In conclusion, although it has been known for a long time that the larvae of N. americanus secrete a range of proteinases, the relevance of these to pathogenesis has not been determined. From the data presented here, it is highly likely that a secreted aspartyl proteinase is a major virulence factor in the host parasite relationship.
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